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The appeal of lasers can be attributed to both their ubiquitous applications
and their role as model systems for elucidating nonequilibrium and cooperative
phenomena [1]. Introducing novel concepts in lasers thus has a potential for both
applied and fundamental implications [2]. Here we experimentally demonstrate
that the coupling between carrier spin and light polarization in common semi-
conductor lasers can enable room-temperature modulation frequencies above
200 GHz, exceeding by nearly an order of magnitude the best conventional
semiconductor lasers. Surprisingly, this ultrafast operation relies on a short
carrier spin relaxation time and a large anisotropy of the refractive index, both
commonly viewed as detrimental in spintronics [3] and conventional lasers [4].
Our results overcome the key speed limitations of conventional directly modu-
lated lasers and offer a prospect for the next generation of low-energy ultrafast
optical communication.
The global internet traffic will continue its dramatic increase in the near
future [5]. Short-range and energy-efficient optical communication networks
provide most of the communication bandwidth to secure the digital revolu-
tion. Key devices for high-speed optical interconnects, in particular in server
farms, are current-driven intensity-modulated vertical-cavity surface-emitting
lasers (VCSELs) [4]. Analogous to a driven damped harmonic oscillator, modu-
lated lasers have a resonance frequency fR for the relaxation oscillations of the
light intensity [6]. For higher frequencies the response decays and reaches half of
its low-frequency value at f3dB ≈
√
1 +
√
2fR, which quantifies the usable fre-
quency range [4]. In conventional VCSELs the modulation bandwidth is limited
by the dynamics of the coupled carrier-photon system and parasitic as well as
thermal effects. The current record is f3dB = 34 GHz [7]. Common approaches
to enhance the bandwidth rely on the expression fR =
√
vgaS/τp/(2pi), where
vg is the group velocity, a the differential gain, S the photon density, and τp the
∗markus.lindemann@rub.de
†nils.gerhardt@rub.de
1
ar
X
iv
:1
80
7.
02
82
0v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
8 J
ul 
20
18
photon lifetime [4]. S can be increased with higher pump current and smaller
mode volume, τp can be decreased with lower mirror reflectivities and a can
be optimized by material engineering. Alternative concepts to overcome the
bandwidth bottleneck are actively pursued, for example, in coupled-cavity VC-
SEL arrays [8] or photonic crystal nanocavity lasers where fR > 100 GHz was
attained at cryogenic temperature [9].
Unlike these approaches focusing on the modulation of carrier and photon
densities, we consider spin-lasers which harness carrier and photon spin to im-
prove their operation [10–15]. Through the conservation of total angular mo-
mentum the spin imbalance of carriers (spin polarization) in the active region
of a VCSEL is transferred to photons as circularly polarized emitted light with
the polarization degree [3] PC = (S
+ − S−)/(S+ + S−), where S+(−) is the
right (left) circularly polarized photon density. The relation between light po-
larization and spin polarization of recombining carriers is given by the dipole
selection rules in semiconductors.
While recent advances in spintronics show a versatile control of light polar-
ization [16] and THz generation [17], the ultrafast operation of spin-lasers and its
fundamental limitations are largely unexplored. A tantalizing prediction of spin-
lasers is that modulating the polarization of light can be realized much faster
than intensity modulation (IM) and thus overcome the limitations imposed by
fR of coupled carrier-photon systems [18]. Here, we experimentally demon-
strate that adding spin-polarized carriers in conventional VCSELs supports
room-temperature polarization oscillations (PO) with frequencies > 200 GHz
resulting in a polarization modulation (PM) bandwidth > 240 GHz, nearly an
order of magnitude larger than that of the corresponding intensity dynamics. We
show that even for high-frequency modulation there is no need for high power.
Thus an order of magnitude better energy-efficiency than in the best conven-
tional VCSELs is expected. The realization of ultrafast spin-lasers provides a
different path towards emerging energy-efficient room-temperature spintronic
applications, not limited by magnetoresistance [3].
VCSELs show a linearly polarized emission due to cavity anisotropies of re-
fractive index nx 6= ny (birefringence, Fig. 1(a)) and absorption (dichroism).
The orthogonal modes, described by electric fields Ex, Ey, are frequency split-
ted by ∆f due to the birefringence (Fig. 1(b)). Their usually weak coupling
results in an unstable behavior with polarization switching and PO, extensively
studied and attributed to residual birefringence which is considered detrimental
in both conventional and spin-lasers [4,19]. In contrast, we aim to enhance the
birefringence due to its connection to the PO frequency, which is related to the
beat frequency between the two orthogonal modes and leads to the periodic
evolution of the total E=Ex+Ey (Fig. 1(c)). PC can be controlled by applying
spin-polarized pumping/injection with a polarization PJ(t) = P0+δP sin(2pift),
where t is time, P0 a constant offset polarization, while δP and f are amplitude
and frequency of the modulation.
By generalizing [20] the spin-flip model for conventional VCSELs [21], our
theoretical analysis reveals that the PO has a resonant behavior similar to the
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(e) Figure 1: Birefringent VCSEL and
measurement setup. VCSEL struc-
ture with two polarization depen-
dent refractive indices nx and ny
(a). Linearly polarized electric
field Ex and Ey with frequency
difference ∆f (depicted duration
 1/f˜R) (b). Total electric
field E oscillating between right
and left circular polarization (de-
picted duration 1/f˜R) (c). Result-
ing PC showing polarization oscil-
lations (depicted duration 2.5/f˜R)
(d). Schematic of experimental
design with linear polarizer (LP),
quarter wave plate (λ/4), lens (L)
and beam splitter (BS) (e). The
laser is operated with both a pump-
ing current J0 above threshold Jth
and pulsed optical spin injection.
intensity oscillation in conventional VCSELs, but with a different frequency
f˜R =
γp
pi
− γS0
4pi(γ2s + 4γ
2
p)τp
(αγs − 2γp)− pS0
4pi
, (1)
where γp is the linear birefringence, γ and γs are the carrier recombination
and spin-flip rates, α the linewidth enhancement factor, p the phase-related
saturation and S0 the steady-state photon density normalized to its value at
twice the threshold 2Jth. For large γp Eq. (1) holds for all practical pumping
regimes, while the last two terms are negligible compared with γp/pi. Thus,
f˜R ≈ γp/pi suggests that strongly enhanced birefringence may overcome the
frequency limitations of conventional lasers.
Among methods to enhance birefringence, for example, using anisotropic
strain [18], heating effects [22,23] or photonic crystals [24], we focus on mechan-
ical bending. For this purpose we use a standard 850 nm VCSEL [25], which
is pumped with both a direct current above Jth injecting spin-unpolarized car-
riers and a circularly polarized picosecond laser pulse exciting additional spin-
polarized carriers (as an extension to purely optical spin pumping approaches,
e.g. in [10, 26], Fig. 1(e)). The pumping conditions ensure that the spin-
polarized carriers are resonantly excited in the active region to exclude influence
of the split-off band [3] and to minimize heating. The time- and polarization-
resolved response (fR and f˜R) is detected simultaneously with a Stokes po-
larimeter [27] and a streak camera, while ∆f is investigated using an optical
spectrum analyzer [20].
Results are shown for ∆f = 112 GHz (∆f = 214 GHz) in Fig. 2(a) (Fig. 2(b)).
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Figure 2: Polarization behaviours of spin-VCSELs. The optical spectrum I
reveals the birefringence-induced mode splitting to be 112 GHz (a) and 214 GHz
(b). The main mode (at 0 GHz) was suppressed for display. S±Meas give the
measured polarization resolved normalized photon densities after pulsed spin
injection (dots: raw, line: smoothed). From S±Meas, PC is determined, showing
the PO. S±Sim give the simulated behavior [20]. f˜R versus ∆f , the polarization
dynamics can be tuned by birefringence-induced mode splitting (c). Data in
(a) and (b) are part of the tuning series (c). At ∆f = 214 GHz the frequency
tuning is stopped to prevent mechanical sample damage.
In the polarization-resolved measured and simulated normalized intensities S±Meas
and S±Sim, the slow envelope is the second peak of the intensity relaxation oscil-
lation after excitation [20]. Its frequency is fR ≈ 8 GHz for both datasets. In
PC, the overlaying intensity dynamics vanishes and only the fast PO is evident,
showing f˜R = 112 GHz ≈ 14fR or f˜R = 212 GHz ≈ 27fR. Remarkably, the
polarization dynamics is more than an order of magnitude faster than the in-
tensity dynamics in the same device. The PO amplitude decreases with increas-
ing frequency, due to both the bandwidth of the measurement system [20] and
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Figure 3: Advantage of PM in dynamic performance. Simulated intensity mod-
ulation (IM), J(t) = J0 + δJ sin(2pift), response for varying normalized electric
pumping J0/Jth, where J0 is the fixed bias current and δJ is the intensity modu-
lation amplitude (a). Polarization modulation (PM), PJ(t) = P0+δP sin(2pift),
response for various birefringence (b). Red traces mark the simulations for the
VCSEL under investigation at γp/pi = 200 GHz. Eye diagrams with IM using
a filtered pseudorandom bit sequence for 10 Gbit/s and 20 Gbit/s (c). Eye dia-
grams with PM for 10 GBit/s, 20 GBit/s, 200 Gbit/s and 240 Gbit/s in the same
device at γp/pi = 200 GHz (d).
fundamental limitations of the polarization dynamics including dichroism [20],
spin-flip rate, and pumping current. By changing ∆f we continuously tune f˜R
up to 212 GHz, showing an excellent agreement with the theory over the en-
tire frequency range (Fig. 2(c)). ∆f and f˜R coincide within the measurement
accuracy [20].
The demonstrated record-high PO frequency provides the basis to evalu-
ate the performance of spin-lasers for digital optical communication, character-
ized by modulation bandwidth and data transfer rates. The (IM) response in
Fig. 3(a) resembles the f -dependent displacement of a driven harmonic oscil-
lator [6] with bandwidth f3dB, enhanced, just as fR, by the increasing photon
density through increased pumping. In our experiments, the pumping current
of 5.4Jth corresponds to f3dB ≈ 13.5 GHz, while f3dB < 20 GHz for all practical
currents J0/Jth. In contrast, Fig. 3(b) reveals a huge increase in PM bandwidth
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for the same device parameters. Similar to f˜R in Eq. (1), the corresponding
bandwidth f˜3dB increases with birefringence.
To quantify the digital data transfer, a binary signal is simulated by 210
pseudorandom bits. The data transfer is commonly analyzed by an eye dia-
gram [4, 28] in which the time traces are superimposed. The central opening
allows to distinguish between “0” and “1” levels. For IM, the difference in
intensities of the output light is utilized. Under PM, right (left) circular polar-
ization is encoded as “1” (“0”). For the same set of VCSEL parameters and
γp/pi = 200 GHz, IM and PM are compared in Figs. 3c,d. The closing eye di-
agram precludes data transfer by IM slightly above 10 Gbit/s. PM supports
the data transfer up to 240 Gbit/s, showing a remarkable improvement in dig-
ital operation over conventional VCSELs, consistent with the increase of f˜3dB
over f3dB. Improvements by further increasing ∆f mechanically [23, 29], via
photonic crystal [24] or strained quantum well-based VCSELs [18], potentially
allow f˜3dB > 1 THz.
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Figure 4: Influences on modulation bandwidth. Influence of spin-flip rate γs
(a). Influence of normalized electric bias J0/Jth with the inset showing a nearly
pumping-independent resonance frequency (b). Red traces mark the simulations
for the VCSEL under investigation at γp/pi = 200 GHz.
Unlike common approaches in spintronics and spin-lasers [3, 30] which seek
to increase the spin relaxation time (1/γs), we find that short spin relaxation
times are desirable for PM. As long as γs ≥ 2γp/pi, the modulation response
at f < f˜R remains above −3 dB. The simulations in Fig. 4(a) reveal that
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in the investigated VCSEL γs is close to its optimum value for f˜R slightly
above 200 GHz. γs depends on the material choice [3] of the active region
and the VCSEL design. For example, γs = 1000 ns
−1 was measured at room
temperature for GaAs VCSELs [31], allowing for f˜R > 500 GHz. Even higher
γs is possible in (In,Ga)As devices.
The push for faster conventional VCSELs as well as other photonic devices
typically requires a stronger pumping for IM, which leads to fundamental limita-
tions. For example, simulating the device while neglecting heating effects, an in-
crease in pumping from 1.5Jth to 9Jth enhances f3dB from 4.5 to 17.8 GHz. How-
ever, higher pumping generates higher dissipated power increasing the laser tem-
perature. In contrast, for PM f˜R is almost independent of pumping (Fig. 4(b)).
Thus, the highest bit rates can be already attained slightly above threshold. This
enables ultra-low-power optical communication. In a conventional 850 nm VC-
SEL, a heat-to-data ratio HDR = 56 fJ/bit at 25 Gbit/s was demonstrated [32].
Utilizing PM for our devices, assuming pumping at 1.5Jth with electrical spin-
injection, a much lower HDR = 3.8 fJ/bit could be obtained at a substantially
higher bit rate of 240 Gbit/s.
We have revealed a new approach to overcome the bandwidth bottleneck
by utilizing polarization as the information carrier in highly birefringent spin-
lasers. Even faster operation and lower energy-to-data ratios can be expected
if PM is combined with high spontanous emission coupling or threshold-less
nanolasers in future optical interconnects [33]. Lasers based on two-dimensional
materials [34] which support very large strain and thus high birefringence [18]
may offer unprecedented bandwidths. A surprising path towards desired per-
formance relying on a high birefringence and short spin relaxation times may
also stimulate other advances and unexplored phenomena in spintronics such
as utilizing polarization chaos in VCSELs for secure communication and high-
speed random bit generators [35]. Our results show the enormous potential
of spin-lasers, further motivating developing electrically pumped spin-lasers at
room-temperature [36].
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